Drosophila development: Homeodomains and translational control  by Zamore, Phillip D & Lehmann, Ruth
Dispatch 773
Drosophila development: Homeodomains and translational control
Phillip D. Zamore* and Ruth Lehmann†
Translation of the transcription factor caudal is
repressed at the anterior end of the Drosophila embryo.
Surprisingly, the DNA-binding homeodomain of the
transcription factor Bicoid mediates this repression by
binding caudal mRNA.
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Gradients of proteins emanating from a discrete source
help organize body pattern in both vertebrates and invert-
ebrates. In Drosophila, mRNAs encoding such proteins are
deposited in the egg during oogenesis and are translated
to form concentration gradients of the proteins in the early
embryo, where they specify position along the head-to-tail
(anterior–posterior) axis. How protein gradients are estab-
lished in the early embryo remains a central question in
developmental biology.
One mechanism Drosophila uses to create protein gradi-
ents is to tether mRNAs to either the anterior or posterior
pole during oogenesis [1]. RNA encoding the transcription
factor Bicoid, for example, is placed at the anterior pole
during oogenesis, and then translated from this localized
source during early embryogenesis to produce a protein
gradient with its highest concentration at the anterior pole.
For its first two hours, the embryo is a syncytium and thus
the Bicoid protein can freely enter the embryonic nuclei.
Zygotic genes activated by Bicoid, a homeodomain transc-
ription factor, specify and subdivide the anterior part of
the developing embryo and ultimately determine the
identity of head and thoracic segments.
Whereas the Bicoid gradient is produced by translation of
localized mRNA, a complementary protein gradient of
Caudal, a homeodomain transcription factor that activates
zygotic genes required for abdomen formation, arises from
uniformly distributed mRNA [2–4]. Bicoid was shown in
genetic experiments to regulate caudal, because the Caudal
concentration gradient is abolished in embryos lacking
functional Bicoid protein. Instead of a gradient, these
mutant embryos have uniformly high concentrations of
Caudal protein everywhere. 
How Bicoid limits caudal mRNA translation to the posterior
of the embryo was, until recently, obscure. Two papers [5,6]
now report that a DNA-binding domain — the homeo-
domain of Bicoid — binds to specific sequences in the 3′
untranslated region (UTR) of caudal mRNA, thereby
repressing its translation at the anterior end of the embryo.
These surprising findings have implications not only for
Drosophila developmental biologists, but also for those
who study mechanisms of translational regulation and
protein–nucleic acid recognition in all organisms.
Suggestions that Bicoid has, near its carboxyl terminus, an
RNA-binding domain distinct from the DNA-binding
homeodomain, originally seemed to explain how a trans-
cription factor could regulate caudal expression post-
transcriptionally [7]. However, Bicoid lacking this region
still represses caudal translation at the anterior end of the
Figure 1
The three-dimensional structure of a homeodomain. Spheres designate
the eight amino acids that form the basic, arginine-rich peptide found
at the end of helix III in the Bicoid homeodomain; the identities of the
basic amino acids (blue spheres) are indicated in one-letter code. The
figure is derived from the DNA-bound structure of Antennapedia, as
solved by NMR spectroscopy [17]. As Bicoid is drawn, DNA bound by
Bicoid would be vertical.
embryo [5]. Genetic experiments by Driever and
Sprenger (cited in [8]) suggested that the Bicoid home-
odomain itself regulates caudal, and that a basic, arginine-
rich stretch of eight amino acids within the homeodomain
is important for its function. Intriguing but unproved, the
hypothesis that the Bicoid homeodomain could bind RNA
awaited further experiments.
Dubnau and Struhl [5] and Jäckle and co-workers [6] have
now shown that the Bicoid homeodomain binds directly to
sequences in the 3′ UTR of caudal mRNA and so
represses caudal translation. Of Bicoid’s 485 amino acids,
the first 187 amino acids, which include the homeo-
domain, can regulate caudal translation in vivo, and the 60-
amino-acid homeodomain itself binds sequences in the 3′
UTR of caudal mRNA in vitro. All homeodomain DNA-
binding proteins share a conserved structure consisting of
a flexible amino-terminal arm and three a helices folded
around a hydrophobic core (Fig. 1; [9]). Mutations that
disrupt helix III of the Bicoid homeodomain, including
exchange of a single lysine within the basic region for glut-
amine or alanine, destroy its ability to repress caudal trans-
lation [5]. Furthermore, the Antennapedia homeodomain,
which differs from Bicoid in helix III at four positions,
does not bind caudal mRNA [6]. Notably, some mutations
in the basic region of the Bicoid helix III prevent repres-
sion of caudal translation but do not affect Bicoid’s ability
to activate transcription [8].
The Bicoid homeodomain binds to two adjacent regions of
the caudal 3′ UTR; both RNA segments contain the
sequences GTTTCGAC and GTTAAT. Whether these
sequence motifs are important for regulation remains to be
tested. A 342-nucleotide sequence containing the two
Bicoid-binding RNA segments is sufficient to confer
Bicoid-dependent translational regulation on a heterolo-
gous reporter gene in Drosophila embryos. In cell culture
experiments, Bicoid reduces by five-fold the translation of
a reporter gene containing either one or both of the
Bicoid-binding RNA segments. Additional experiments
will be required to determine if the five-fold effect seen in
the cell culture experiments reflects the in vivo range of
caudal translational regulation, or whether additional
protein factors, not present in the cell line, are required for
more complete translational repression.
Very little is known about the mechanism by which prot-
eins bound to mRNA 3′ UTR sequences repress transla-
tion. In one proposed model, proteins bound to such
sequences package their target mRNAs into untranslatable
particles. This type of translationally silent ribonucleo-
protein particle permits stockpiling of mRNAs during
gametogenesis in a number of organisms [10]. Dubnau and
Struhl [5] have excluded this explanation for caudal regula-
tion by showing that, although Bicoid represses caudal 
mRNA translation through 3′ UTR sequences, the mRNA
itself is accessible to ribosomes.
Dubnau and Struhl [5] constructed a gene encoding an
mRNA containing two open reading frames (ORFs) for
distinct proteins and ending with the caudal 3′ UTR (Fig.
2). Translation of the second ORF was made possible by
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Figure 2
Strategy for analysing the mechanism of
translational repression mediated by the
caudal 3′ UTR. At the anterior end of the
embryo, where the Bicoid concentration is
high, translation of the coding sequence of
reporter 1 was repressed via the caudal 3′
UTR, but translation of reporter 2, made
possible by the presence of an internal
ribosome entry site (IRES) between the two
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an internal ribosome entry site (IRES), an RNA sequence
that bypasses the normal dependence of ribosome binding
on the characteristic 5′ ‘cap’ of eukaryotic mRNAs, and so
permits translational initiation downstream from the first
ORF [11]. This di-cistronic gene was introduced into flies,
and translation of the two reporter proteins was monitored
by immunostaining. Regardless of the order of the two
ORFs, the first was always repressed by Bicoid in the
anterior half of the embryo, whereas the second was trans-
lated throughout the embryo.
These results show that Bicoid does not mask the caudal
mRNA from the translational machinery because, at the
anterior end of the embryo, the second reporter gene was
translated from mRNA molecules in which the first
reporter gene was repressed. Rather, the data suggest
that Bicoid, perhaps in conjunction with other factors,
blocks translational initiation at a step normally bypassed
by the IRES. A specific description of what step is antag-
onized by translational repressors bound to 3′ UTR
sequences is likely to await the development of in vitro
systems that recapitulate sequence-specific translational
repression.
One extensively studied mechanism for regulating the
rate of translational initiation is control of cytoplasmic
polyadenylation. For many developmentally important
mRNAs, sequences in the 3′ UTR modulate the length of
the poly(A) tail. A growing body of experiments suggests
that long poly(A) tails promote translation by enhancing
the rate of ribosome binding [12,13]. For example,
translation of bicoid mRNA occurs only after the poly(A)
tail is lengthened upon egg activation [14]. It has not yet
been determined if Bicoid protein affects caudal poly(A)
tail length. However, translational repression of the transc-
ription factor Hunchback does not appear to involve
poly(A)-tail shortening [15], suggesting that additional
mechanisms for regulating translation are at work in the
early embryo.
Is Bicoid unique among homeodomain proteins in its
ability to bind specific RNA sequences, or might some of
the nearly 400 other homeodomain transcription factors
also bind RNA? If Bicoid alone has gained the ability to
bind RNA, its special adaptation may be the basic, argin-
ine-rich peptide found at the end of helix III. For RNA-
binding, perhaps the Bicoid homeodomain serves only to
provide an a-helical scaffold to display this cluster of basic
amino acids; a-helical basic peptides form the RNA-
binding domains of several proteins, most notably the HIV
proteins Rev and Tat. Alternatively, the entire Bicoid
homeodomain may be a module for RNA recognition and,
like the zinc-finger DNA-binding domain of TFIIIA [16],
may correspond to a structural domain capable of binding
both DNA and RNA. In this case, Bicoid may define a
novel class of RNA-binding proteins.
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